Background: High chronic exposure to inorganic arsenic may contribute to the development of hypertension. Limited information is available, however, on the association of low to moderate exposure to inorganic arsenic with blood pressure levels and hypertension. We investigated the association of exposure to inorganic arsenic (as measured in urine) with systolic and diastolic blood pressure levels and the prevalence of hypertension in US adults. Methods: We studied 4167 adults 20 years of age or older who participated in the National Health and Nutrition Examination Survey (NHANES) from 2003 through 2008 and for whom total arsenic, dimethylarsinate (DMA), and arsenobetaine had been assessed in urine. Results: The median (interquartile range) urine concentrations were 8.3 g/L (4.2-17.1) for total arsenic, 3.6 g/L (2.0 -6.0) for DMA, and 1.4 g/L (0.3-6.3) for arsenobetaine. The weighted prevalence of hypertension in the study population was 36%. After multivariable adjustment, a 2-fold increase in total arsenic was associated with a hypertension odds ratio of 0.98 (95% confidence interval ϭ 0.86 -1.11). A doubling of total arsenic minus arsenobetaine was associated with a hypertension OR of 1.03 (0.94 -1.14) and a doubling of DMA concentrations was associated with a hypertension OR of 1.11 (0.99 -1.24). Total arsenic, total arsenic minus arsenobetaine, or DMA levels were not associated with systolic or diastolic blood pressure. Conclusions: At the low to moderate levels, typical of the US population, total arsenic, total arsenic minus arsenobetaine, and DMA concentrations in urine were not associated with the prevalence of hypertension or with systolic or diastolic blood pressure levels. A weak association of DMA with hypertension could not be ruled out. (Epidemiology 2011;22: 153-161) A rsenic is widespread in the environment. Humans are exposed to inorganic forms (arsenite, arsenate) and organic forms (arsenobetaine, arsenosugars, and arsenolipids). Inorganic arsenic is toxic and carcinogenic. Organic arsenicals (found mostly in seafood) have low or very low toxicity. 1 For the general population, the main source of inorganic arsenic is ingestion of arsenic-contaminated drinking water and certain foods (eg, rice and grains). After exposure, inorganic arsenic and its methylated metabolites (methylarsonate and dimethylarsinate ͓DMA͔) are widely distributed within the body and excreted mostly through the kidneys. 2,3 Arsenic levels in urine reflect ongoing exposures and are well correlated with arsenic intake from drinking water and dietary sources. [4] [5] [6] Several epidemiologic studies have found increased prevalence of hypertension or increased systolic and diastolic blood pressure levels associated with higher arsenic levels in drinking water among residents in high arsenic exposure areas in Taiwan, Bangladesh, and Inner Mongolia (Ͼ100 g/L), and also with occupational exposure. 7-10 Another study in Bangladesh found no association between arsenic in drinking water and prevalence of hypertension, except perhaps among participants with low folate and vitamins B intake. 11 In a cross-sectional study in Wisconsin, arsenic in drinking water Ն10 g/L versus Ͻ2 g/L was associated with self-reported hypertension. 12 Studies with measured blood pressure levels in low arsenic exposure areas are not yet available. The objective of this study was to investigate the association of inorganic arsenic exposure (using urine arsenic biomarkers) with systolic and diastolic blood pressures and the prevalence of hypertension in a representative sample of US adults who participated in the
examinations was 76% for survey years [2003] [2004] [2005] [2006] [2007] [2008] . A total of 15,955 adults 20 years of age or older participated in NHANES between 2003 and 2008, and 4843 were randomly selected for urine arsenic analysis. We excluded 189 pregnant women, 258 participants whose blood pressure measures were missing or whose diastolic blood pressure levels were equal to zero, and 229 participants missing other relevant covariates, leaving 4167 participants for this study.
Urine Arsenic Assessment
Spot urine samples for arsenic analysis were collected in arsenic-free containers, shipped on dry ice, stored frozen at ՅϪ70°C, and analyzed within 3 weeks of collection. 13 Total arsenic and arsenic species were measured at the Environmental Health Sciences Laboratory of the National Center for Environmental Health following a standardized protocol. 14 -16 Total urine arsenic concentrations were determined using inductively coupled-plasma dynamic reaction cell-mass spectrometry on a Perkin-Elmer ELAN 6100 DRC PLUS or ELAN DRC II ICPMS (Perkin Elmer SCIEX, Concord, Ontario, Canada). Arsenite, arsenate, methylarsonate, DMA, and arsenobetaine were measured by high performance liquid chromatography coupled to spectrometry. The limit of detection for total arsenic was 0.6 g/L for survey years 2003-2004 and 0.74 g/L for survey years [2005] [2006] [2007] [2008] . The percentage of study participants with total urine arsenic levels below the limit of detection was 0.9%. The limits of detection for arsenite (1.2 g/L), arsenate (1.0 g/L), and methylarsonate (0.9 g/L), species that directly reflect inorganic arsenic exposure, were too high for use in a population exposed to low to moderate levels of inorganic arsenic. 13 Indeed, the percentage of study participants with arsenite, arsenate, and methylarsonate below the limit of detection were 96%, 96%, and 65%, respectively; therefore, these species could not be considered in this study. The limit of detection for DMA was 1.7 g/L for all survey years; 15% participants had urine DMA concentrations below the limit of detection. The limit of detection for arsenobetaine was 0.4 g/L; 30% of participants had urine arsenobetaine below the limit of detection. For participants with total arsenic, DMA, or arsenobetaine levels below the limit of detection, a level equal to the limit of detection divided by the square root of 2 was assigned. The interassay coefficients of variation for quality control pooled samples were 3.7% and 8.4% for lots with mean total urine arsenic of 58.6 g/L and 3.7 g/L, respectively, 17 6.5% for lots with mean DMA 6.66 g/L, and 10.1% for lots with mean arsenobetaine 4.87 g/L. 18
Hypertension and Blood Pressure
Blood pressure levels were measured using a standardized protocol and certified examiners. 19 -21 After 5 minutes of rest and determination of the maximum inflation level, 3 (and in some cases 4) systolic and diastolic blood pressures were measured. Mean systolic and diastolic blood pressure levels were determined after disregarding the first reading, unless only one reading was available. Hypertension was defined as a mean systolic blood pressure Ն140 mm Hg, a mean diastolic blood pressure Ն90 mm Hg, a self-reported physician diagnosis, or use of antihypertensive medication.
Other Variables
Information on sex, age, race/ethnicity, education, smoking status, and alcohol consumption was collected by self-reported questionnaire. Race/ethnicity was subsequently categorized by NCHS as non-Hispanic white, non-Hispanic black, Mexican-American, other Hispanic, and other. Body mass index (BMI) was calculated by dividing measured weight in kilograms by measured height in meters squared. Serum cotinine was measured by an isotope-dilution highperformance liquid chromatography/atmospheric pressure chemical ionization tandem mass spectrometric method. For participants with serum cotinine levels below the limit of detection (0.015 ng/mL), a level equal to the limit of detection divided by the square root of 2 was imputed. Urine creatinine, used to adjust for urine dilution in spot urine samples in statistical models, was determined using a Jaffé rate reaction measured with a CX3 analyzer.
Statistical Analysis
All statistical analyses were performed using the survey package 22, 23 (version 3.21) in R software 24 (version 2.10.1) to account for the complex sampling design and to obtain appropriate estimates and standard errors using the NHANES 2003-2008 arsenic analyses sample weights. Confidence intervals were set at 95%. Urine arsenic levels were right- skewed and log-transformed for the analyses. For total arsenic, total arsenic minus arsenobetaine, and DMA, we estimated crude and multivariable adjusted odds ratios for the prevalence of hypertension, as well as mean differences in blood pressure levels (systolic and diastolic) comparing quartiles 2, 3, and 4 to the lowest quartile using logistic and linear regression, respectively. Quartile cutoffs were based on the weighted distributions of total arsenic, total arsenic minus arsenobetaine, and DMA in the study population. In addition to quartiles, log-transformed arsenic was used as a continuous variable to evaluate the association of blood pressure endpoints with a doubling in urine arsenic concentrations.
Initially, we adjusted statistical models for sex, age (continuous), race/ethnicity (white/black/Mexican-American/other), and urine creatinine (log-transformed) and further adjusted for education (Ͻhigh school, high school, Ͼhigh school), BMI (continuous), and serum cotinine (log-transformed). Further adjustment for smoking status produced similar results (not shown). We also adjusted models of mean differences in blood pressure levels for use of antihypertensive medication. In the subsample of participants with serum folate and vitamin B12 measures available (n ϭ 2591), we further adjusted for those variables with similar findings (not shown). To account for the contribution of seafood arsenicals to total arsenic, total arsenic minus arsenobetaine, and DMA concentrations in the US population, 25 we further adjusted the relationship of these arsenicals with blood pressure endpoints for arsenobetaine, an objective biomarker of seafood intake. In these models, total arsenic, total arsenic minus arsenobetaine, and DMA reflect exposure to arsenic not derived from seafood. To evaluate the potential impact of adjustment for urine creatinine to control for urine dilution, we repeated all models without adjustment for urine creatinine as well as by dividing arsenic concentrations by urine creatinine. The results were similar using these alternative modeling strategies (not shown).
To assess the consistency of the findings across participant characteristics, we estimated the odds ratio (OR) and 95% confidence interval (CI) of hypertension for a doubling in total arsenic and DMA concentrations for subgroups defined by sex, age, race/ethnicity, education, BMI, and smoking status. P values for the interaction of urine arsenic concentrations with participant characteristics were obtained by adding an interaction term between log-transformed arsenic (total arsenic or DMA) and the corresponding participant characteristic in the fully adjusted model.
We also conducted 2 sensitivity analyses. First, we conducted censored regression analysis using the cnreg command in Stata 26 (version 11.1) to better account for antihypertensive medication use in models for systolic and diastolic blood pressures. Second, we repeated the analysis in participants with nondetectable arsenobetaine (n ϭ 1265) to identify participants unlikely to have been recently exposed to organic arsenicals and in whom total urine arsenic likely reflects exposure to inorganic arsenic.
RESULTS

Participant Characteristics
The weighted prevalence of hypertension in the study population was 36%. Compared with participants who did not have hypertension, participants with hypertension were more likely to be older, female, white, and less educated. They were also more likely to have a higher BMI, to be former smokers, and to have diabetes ( Table 1 ). The median (interquartile range ͓IQR͔) of urine concentrations of total arsenic, arsenobetaine, and DMA were 8.3 (4.2-17.1) g/L, 1.4 (0.3-6.2) g/L, and 3.6 (2.0 -6.0) g/L, respectively ( Table  2) . Total arsenic and DMA levels were higher in men, in younger participants, and in participants who were nonwhite. Arsenobetaine levels were higher in men, in participants with higher education, and in those who were classified as black or other race/ethnicity.
Arsenic and Blood Pressure Endpoints
Median total arsenic and DMA in participants with hypertension were 8.3 g/L and 3.6 g/L, respectively, compared with 8.3 g/L and 3.7 g/L in those without hypertension ( Table 2 ). After adjustment for demographics, BMI, serum cotinine, urine creatinine, and urine arsenobetaine, the OR for hypertension was 0.98 (95% CI ϭ 0.86 -1.11) for a 2-fold increase in total arsenic concentrations, 1.03 (0.94 -1.14) for a 2-fold increase in total arsenic minus arsenobetaine, and 1.11 (0.99 -1.24) for a 2-fold increase in DMA concentrations (Table 3 , model 3). Without adjustment for arsenobetaine, the ORs for hypertension for a doubling in total arsenic, total arsenic minus arsenobetaine, and DMA were 1.03, 1.12, and 1.05 respectively (Table 3, model 2) . Total arsenic, total arsenic minus arsenobetaine and DMA were not associated with systolic or diastolic blood pressure levels ( Table 4 , Fig. 1 ).
The lack of association of total arsenic with the prevalence of hypertension was similar across participant characteristics (Fig. 2) . For DMA, a statistically significant interaction was observed by BMI and smoking status. The ORs of hypertension for a 2-fold increase in DMA concentrations were 1.25 (1.06 -1.48) in participants with a body mass index Ն30 kg/m 2 and 1.29 (1.07-1.56) in never-smokers (Fig. 2) .
Sensitivity analyses using censored regression to correct for the effect of use of antihypertensive medication resulted in similar findings (not shown). Sensitivity analyses in the participants with nondetectable arsenobetaine levels (n ϭ 1265) also resulted in similar findings (eTable, 
DISCUSSION
In a representative sample of US adults who participated in NHANES 2003-2008, we found no association between urine concentrations of total arsenic or total arsenic minus arsenobetaine with the prevalence of hypertension or with systolic and diastolic blood pressure levels. For urine DMA, while no association was found with systolic or diastolic blood pressure, the findings for hypertension could be consistent with no association or with a small positive association, especially in certain subgroups (such as participants with BMI Ն30 kg/m 2 or in never-smokers). Subgroup findings, however, need to be considered cautiously as we had no a priori hypothesis, and these analyses were exploratory.
Most studies investigating the association between arsenic exposure and hypertension endpoints have been conducted at much higher levels of exposure than those in the general US population. 7, 9, 11, [27] [28] [29] Most of these studies assessed arsenic exposure based on measures of arsenic in drinking water. Chronic exposure to high levels of inorganic arsenic in drinking water (median levels ranging from Ͻ500 to Ͼ1000 g/L) have been associated with the prevalence of hypertension in Taiwan and Bangladesh. 9, 10 In a cross-sectional study of 898 residents in Southwestern Taiwan, the multivariate-adjusted OR for hypertension comparing participants with cumulative arsenic exposure Ͼ18.5 mg/L-years to Ͻ0.1 mg/L-years was 2. 9 (1.1-7.3 ). 9 In a cross-sectional study of 1481 residents in Bangladesh, the OR for hypertension comparing participants with cumulative arsenic exposure Ͼ10.0 mg/L-years to unexposed participants was 3.0 (95% CI ϭ 1.5-5.8) after adjustment for age, sex, and BMI. 10 In contrast, another cross-sectional study conducted in Bangladesh (n ϭ 10,910) found that time-weighted well arsenic concentration was not associated with hypertension, 11 although increasing arsenic concentrations in drinking water were associated with systolic hypertension (systolic, Ն140 mm Hg) and with high pulse pressure (Ն55 mm Hg), especially among participants with low vitamin B6, B12, or folate levels. 11 In our study, the results were similar after further adjustment for serum folate and vitamin B12 and in analyses stratified by serum folate and vitamin B12 levels, although folate and vitamin B levels are substantially higher in the United States than in Bangladesh.
Few studies have addressed the association of low or moderate exposure to inorganic arsenic with hypertension. 12, 30, 31 In a cross-sectional study in Wisconsin, the age, sex, and BMI adjusted OR for self-reported hypertension comparing residents with arsenic levels in well water between 2 and 10 g/L and Ͼ10 g/L to Ͻ2 g/L were 1.2 (95% CI ϭ 0.8 -1.6) and 1.7 (1.1-2.5), respectively. 12 In 432 participants exposed to relatively low arsenic levels in drinking water in Central Taiwan, hair arsenic levels were associated with the prevalence of hypertension. 31 In an occupational study of 59 workers in Denmark, mean systolic and diastolic blood pressure levels were higher in arsenic-exposed workers (median total urine arsenic ϭ 14.8 g/g of creatinine) compared with unexposed workers (7.9 g/g of creatinine). 8 This study was small and did not adjust for hypertension risk factors. The concentrations of total urine arsenic, although not high compared with levels in populations exposed to arsenic in drinking water in Taiwan and Bangladesh, were higher than in NHANES participants.
No previous epidemiologic study has evaluated the relationship of urine arsenic with blood pressure endpoints, even though total urine arsenic and DMA are well-established biomarkers of arsenic exposure. 3, 32, 33 We used total urine arsenic, total arsenic minus arsenobetaine, and DMA in models with and without adjustment for urine arsenobetaine, all with similar findings. Adjustment for arsenobetaine, a biomarker of seafood intake, was important to remove the contribution of organic arsenicals in seafood, including arsenosugars and arsenolipids FIGURE 1. Systolic (SBP) and diastolic blood pressure (DBP) by total urine arsenic and urine DMA concentrations. Scatter plots represent fully adjusted levels of arsenic and blood pressure levels. Lines represent blood pressure levels (thinner lines represent 95% confidence intervals) based on restricted quadratic splines for log-transformed arsenic concentrations with knots at 5th, 50th, and 95th percentiles. Results were adjusted for age, sex, race/ethnicity, urine creatinine (log-transformed), education, body mass index, serum cotinine (log-transformed), urine arsenobetaine (log-transformed), and antihypertensive medication use.
(forms that are difficult to measure in epidemiologic studies but that co-occur with arsenobetaine in seafood), to total arsenic, total arsenic minus arsenobetaine, and DMA. 25, 34 To further confirm that the lack of association between total arsenic, total arsenic minus arsenobetaine, and DMA with hypertension was not related to organic arsenicals, we conducted sensitivity analyses in participants with undetectable arsenobetaine. In this subsample, total urine arsenic and urine DMA are likely to reflect exposure to inorganic arsenic from water and food other than seafood. 25 The results were similar and consistent with no association between exposure to inorganic arsenic and hypertension endpoints at low to moderate levels of exposure.
Strengths and Limitations
This study, characterized by rigorous quality control measures, was conducted in a representative sample of the US population. To date, this is the largest study of arsenic exposure and hypertension endpoints at low to moderate levels, and among the few using urine arsenic biomarkers. The crosssectional design does not allow for the establishment of tempo-rality between arsenic exposure and changes in blood pressure levels. In addition, we were limited by the use of one single spot urine sample to measure arsenic. Inorganic arsenic has a relatively short half-life (approximately 2-38 days for the different inorganic arsenic species and its methylated metabolites) and arsenic concentrations measured in urine samples may not reflect chronic arsenic exposure. In the absence of interventions, however, arsenic concentrations in drinking water (a major source for the general population) are relatively stable over time. [35] [36] [37] Urine arsenic concentrations in the United States have been shown to remain relatively constant over many years. 38 In Taiwan, a single urine arsenic measure was also well correlated with cumulative arsenic exposure in drinking water. 29 We could not evaluate the role of geographic region in arsenic exposure levels. Certain regions of the United States, particularly rural areas in the Western, Midwestern, and Northeastern states, experience substantial arsenic exposure due to elevated concentrations of inorganic arsenic in groundwater. Although the study sample is representative of the US Urine Arsenic Levels and Hypertension in US Adults population, the findings cannot be applied to US populations living in areas with high arsenic in drinking water, as these areas were likely underrepresented in NHANES. Finally, several studies have suggested that arsenic methylation patterns (including a higher proportion of methylarsonate in urine) and genetic susceptibility to arsenic health effects might be important to consider in the evaluation of arsenicrelated health effects. 28, 29 Because most participants had undetectable urine concentrations for arsenite, arsenate, and methylarsonate, we were unable to evaluate the role of arsenic methylation patterns.
Conclusion
At the low to moderate levels typical of the US population, total arsenic and total arsenic minus arsenobetaine were not associated with hypertension or with systolic and diastolic blood pressures. For urine DMA, we cannot rule out the possibility of a small association with hypertension, an association that could be stronger among certain subgroups. There is some epidemiologic and experimental evidence supporting an association between high-chronic arsenic exposure and hypertension. Experimental mechanisms include arsenic promotion of inflammatory activity, oxidative stress, and endothelial dysfunction. 11,39 -43 There also is prior evidence that low to moderate exposure to inorganic arsenic could be related to increased cardiovascular disease mortality and to the prevalence of diabetes. 19,34,44 -46 Additional studies, especially prospective studies in populations with a wide range of arsenic exposure levels, are needed to evaluate the dose-response relationship between inorganic arsenic exposure and hypertension risk and to confirm the lack of an association at low levels.
